In this article a generalized dynamic Preisach model is proposed in order to describe in a proper way the excess losses in grain oriented SiFe alloys. The magnetization rate d/dt for each Preisach dipole is defined as a function of the effective field, the switching fields ␣ or ␤ together with three material parameters, i.e., k d , k n , and s. Here, k n and s are material parameters introduced, while k d is the classical material parameter in the usual dynamic Preisach model. The correlation between this switching rule and the (n,H exc ) characteristic in the statistical loss theory is discussed. The model has been verified considering unidirectional measurements on grain oriented SiFe Epstein strips.
I. INTRODUCTION
It is well known [1] [2] [3] that the scalar classical Preisach model takes into account some hysteresis properties, such as the memory and wiping out properties. However, a drawback of this model is that it cannot take into account rate dependent hysteresis effects, which are needed to describe the excess losses as defined in the statistical loss theory. 4 Bertotti 5 introduced a rate-dependent Preisach model, denoted by DPM, by assuming that the switching of each elementary Preisach dipole does not occur instantaneously, but at a finite rate. It is known that this DPM corresponds to a linear relation between the number n of active correlation regions in the material and the excess field H exc , for which n becomes zero in the limit of vanishing magnetization frequency. In Ref. 4 , it was made evident by measurements that this linear relation does not hold for several types of materials. For grain oriented ͑GO͒ materials, the (n,H exc ) characteristic, corresponding with the rolling direction ͑RD͒ and with a sinusoidal flux, is linear, however, with n still being a positive integer in case of a vanishing frequency. The (n,H exc ) characteristic may be approximated for other directions by a simple power law. 4 In the present article, a more general scalar rate dependent Preisach model is described by introducing extra material parameters in the Preisach dipole switching law. It is shown that for GO SiFe alloys, this hysteresis model gives rise to a suitable law for the (n,H exc ) characteristic and that it results in a correct prediction of the magnetization loops.
II. STATISTICAL LOSS THEORY
A one-dimensional model of one electrical conducting lamination ͑of thickness d͒ has been studied in detail. The orthogonal cartesian coordinate system has been chosen so that the x axis is orthogonal to the lamination. The time dependent unidirectional flux (t) flows in the z direction and the magnetic field H as well as the magnetic induction B have only one component, viz. H ϭH(x,t)ē z and B ϭB(x,t)ē z . The macroscopic electromagnetic fields are described by the well known diffusion equation 6 with the electrical conductivity
The relation between the local B(x,t) and H(x,t) must be described by a proper hysteresis model. The iron losses under a unidirectional flux (t) can be calculated using the principle of separation of the losses into three components: the hysteresis losses P h , the classical losses P c , and the excess losses P e . 7 For a periodic flux (t), the hysteresis losses are those losses which are obtained when considering the wave form (), ϭ f t, with f →0, such that dynamic effects may be negligible, i.e.,
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͑3͒
The excess losses P e are the losses that remain when subtracting the hysteresis and classical losses from the total losses. According to the statistical loss theory, 4 the magnetization process for a sinusoidal flux (t)ϭB p d sin (2ft) in a given cross section S of the magnetic lamination, can be described in terms of a number of n simultaneously active correlation regions:
In the present article we focus on GO SiFe alloys for which the number of correlation regions n may be written as a function of the excess field H exc ϭ P e /(4 f B p ) according to
in case of a unidirectional flux along the RD. In the case of a unidirectional flux along other directions, n may be approximated by
Here, V 0 , n 0 , and s are material parameters. When Eqs. ͑5͒ or ͑6͒ holds, the excess losses can be written as 
respectively.
III. GENERALIZED DYNAMIC PREISACH MODEL
In the classical scalar rate independent Preisach model ͑CPM͒ 2 , each Preisach dipole has a rectangular hysteresis loop defined by the two characteristic switching parameters ␣ and ␤, (␤р␣). Depending on the history of the magnetic field, the magnetization of the dipole, denoted by , takes the value ϩ1 or Ϫ1. Then, the magnetization M (t) is obtained from
where P(␣,␤) is the Preisach distribution function ͑PDF͒, describing the irreversible part of the magnetization. In this article, we consider a PDF of the following form:
The effective field H e (t) is obtained from the applied field H(t): H e (t)ϭH(t)ϩk m M (t), where k m is the material parameter reflecting the demagnetization. In the classical DPM, 5 which is used succesfully for nonoriented SiFe alloys, the switching rate of each dipole is proportional to the difference between H e and the loop thresholds fields ␣ and ␤. It is shown 5 that the rate-dependent area enclosed by the magnetization loop, obtained by this DPM, follows the frequency dependence f 0.5 and consequently corresponds to the statistical loss theory with n ϭH exc /V 0 . Unfortunately, the magnetization processes in GO SiFe alloys, for which the excess loss shows a different frequency dependence, cannot be described by this DPM. Now, we present a modified DPM such that the excess losses obtained correspond to a (n,H exc ) characteristic of the type ͑5͒ or ͑6͒. The switching rule for the Preisach dipole is defined by It can be seen that in the case sϭ1, the switching rule of Eq. ͑11͒ results in excess losses per cycle, P e / f , with a frequency dependence of P e , according to Eq. ͑7͒. In the case that k n ϭ0, Eq. ͑11͒ leads to a frequency dependence for P e / f of the form f 1/sϩ1 . Consequently, these two cases correspond with the (n,H exc ) characteristic of the type of Eq. ͑5͒ or ͑6͒, respectively.
IV. EXPERIMENTAL EVALUATION
In order to verify the possibilities of the modified DPM, to describe the material behavior of M3X-GO SiFe alloys, unidirectional quasistatic and dynamic measurements on GO SiFe Epstein strips, cut along seven different directions, have been performed. For each measurement, the Epstein magnetic circuit has been constructed, with 16 samples of the same cutting angle. From the quasistatic measurements, the material parameters a, b, c, and k in the Preisach distribution function Eq. ͑10͒ as well as M rev and k m are identified for the seven cutting angles. The results are given in Table I . By means of sinusoidal flux excitations, considering different frequencies f and peak inductions B p , the parameters k n , k d , and s are identified. Here, these parameters are chosen in such a way that the (n,H exc ) characteristics, identified from the area enclosed by the measured magnetization loops, correspond with the characteristics that are obtained from the magnetization loops calculated with the modified DPM, combined with the diffusion Eq. ͑1͒. The (n,H exc ) characteristics for the cutting angles ϭ0 and ϭ90 are given in Figs. 1 and 2 . A good agreement between the measured and the calculated characteristics is obtained, which reflects the correct frequency dependence of the area enclosed by the calculated magnetization loops.
Finally, we considered a sinusoidal flux of 50 Hz superposed by a third and fifth harmonic. The calculated and the measured loops for the cutting angles ϭ0 and ϭ90 are shown in Figs. 3 and 4 , respectively.
